Viruses in a 14th-Century Coprolite
Coprolites are fossilized fecal material that can reveal information about ancient intestinal and environmental microbiota. Viral metagenomics has allowed systematic characterization of viral diversity in environmental and human-associated specimens, but little is known about the viral diversity in fossil remains. Here, we analyzed the viral community of a 14th-century coprolite from a closed barrel in a Middle Ages site in Belgium using electron microscopy and metagenomics. Viruses that infect eukaryotes, bacteria, and archaea were detected, and we confirmed the presence of some of them by ad hoc suicide PCR. The coprolite DNA viral metagenome was dominated by sequences showing homologies to phages commonly found in modern stools and soil. Although their phylogenetic compositions differed, the metabolic functions of the viral communities have remained conserved across centuries. Antibiotic resistance was one of the reconstructed metabolic functions detected. V iral metagenomics is a sequencing-based analysis of all of viral genomes isolated from a sample. It has promoted the characterization of viral community diversity. Viral metagenomics has already been successfully applied to the exploration of modern environmental specimens sampled from marine water, freshwater, stromatolites and thrombolites, and soil (1) (2) (3) (4) and to modern human-associated specimens collected from the liver, blood, nasopharyngeal aspirates, and stool (5) (6) (7) (8) (9) . The DNA viromes generated from modern stools have been demonstrated to be dominated by bacteriophages (10, 11) and to be less diverse than environmental samples (8, 12) .
Viral metagenomics does not require culturing viruses or a priori knowledge of the sequences that will be targeted, which allows for the identification of new, unknown or unexpected viruses and for the global assessment of the virome. Viral metagenomics is thus particularly suitable for paleomicrobiological studies, as little is known about which viruses are characteristic of ancient specimens. Indeed, the majority of ancient DNA (aDNA) studies are based on the analysis of human and bacterial aDNA (13) (14) (15) , and viral persistence and its detectability in ancient specimens remain unclear. Electron microscopy has previously revealed that viral particles can persist for over 400 years, but their viability was lost (16) . Moreover, PCR amplifications yielded positive results for viral aDNA in ancient specimens, such as mummified soft tissues, bones, and teeth. The amplification products varied between 100 and 570 bp in size, which indicated that viral aDNA can be detected for at least 1,500 years (17) (18) (19) (20) .
Here, we used electron microscopy and, for what may be the first time, viral metagenomics to characterize the viral community of an ancient stool specimen. A viral DNA metagenome was generated from a 14th-century coprolite sample that was recovered from a Middle Ages site in Namur, Belgium.
MATERIALS AND METHODS
VLP isolation, TEM, and DNA extraction. First, 5.8 g of the interior of the coprolite was aseptically removed and solubilized overnight at 4°C under continuous rotation in 40 ml of phosphate-buffered saline (PBS), pH 7.4 (bioMérieux, Marcy l'Etoile, France), which had previously been passed through a 0.02-m-pore filter. The coprolite solution was centrifuged for 10 min at 500 ϫ g, and then the upper layer was removed and filtered in stages using sterile Whatman filters (pore sizes of 0.8, 0.45, and 0.22 m [Whatman division of GE Healthcare, Dassel, Germany]). Twenty-five milliliters of the coprolite filtrate was used to precipitate and purify viral particles onto a cesium chloride density gradient using ultracentrifugation, and DNase treatment was then performed (21) . A 40-l aliquot of the purified viral particles was stained with 1.5% ammonium molybdate (Euromedex) and observed by transmission electron microscopy (TEM) using a Philips Morgagni 268D electron microscope (FEI Co., Eindhoven, Netherlands). To isolate the nucleic acids from the purified viral particles, the formamide procedure previously described by Thurber et al. (21) was used. A standard 18S ribosomal DNA (rDNA) PCR was performed to verify the absence of human DNA contamination.
Viral metagenomic library preparation and sequencing. Nucleic acids were amplified in duplicate reactions using the Illustra GenomiPhi V2 DNA amplification kit (GE Healthcare Life Sciences, Freiburg, Germany). Amplification products were pooled and ethanol purified.
A shotgun strategy was chosen for high-throughput pyrosequencing on a 454 Life Sciences Genome FLX sequencer using titanium chemistry (Genome Sequencer RLX; Roche). Sequencing was performed using 1/16 of a picotiter plate.
Preprocessing of sequencing data. The reads were screened for quality using mothur (22) . Only reads longer than 50 bp and with an average quality score greater than 21 were kept. Reads with more than two ambiguous base calls and/or reads with homopolymers longer than 10 bases were eliminated. Identical sequences artificially generated by the pyrosequencing technology were also excluded using the "unique.seqs" mothur command. The preprocessed viral metagenome is publicly available on the Metavir server (http://metavir-meb.univ-bpclermont.fr) with the identifier "NAMUR_viral" under the project "HumanCoprolite" and on the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under accession no. SRP033437.
Annotation of reads.
A BLASTN search against the nonredundant NCBI database (E value, Ͻ1eϪ5) was performed. Reads with no significant similarity to sequences stored in the NCBI database were classified as "unknown reads." The virome taxonomic composition was estimated using GAAS (23) , which is based on a BLASTX search against the RefSeq Viral Genomes database (E value, Ͻ1eϪ5) and normalizes the number of reads matching each viral genotype by the length of the genome.
Functional annotation was performed on the MG-RAST server (24) using the nonredundant SEED database (E value, Ͻ1eϪ5). A stringent search of virulence factors was also performed using BLASTX on the Virulence Factor Database (25) , with 60% as the minimum identity and a cutoff E value of Ͻ1eϪ5.
Assembly and contig annotation. The reads were assembled into contigs using the Newbler de novo assembler (Roche) with at least 98% identity and 35 bp of overlap. Only contigs longer than 400 bp were used in subsequent analyses.
Known and unknown contigs were identified on the basis of the BLASTN search against the nonredundant NCBI database (E value, Ͻ1eϪ5). The taxonomic and functional contig classification was based on a BLASTX search against the nonredundant NCBI database (E value, Ͻ1Ϫ5). A specific search for contigs encoding antibiotic resistance genes was also performed using BLAST on the ARDB (Antibiotic Resistance Genes Database) with an E value of Ͻ1eϪ5 (26). Significant hits were manually verified.
target ORFs identified in some viral contigs assembled de novo from the virome and matching cyanophages, Mycobacterium phages, Bacillus phages, Burkholderia phages, Celeribacter phages, and Clostridium phages (see Table S1 and Section 4 in the supplemental material).
RESULTS
The specimen was excavated in 1996 and collected from the interior of a closed barrel, which was commonly used during this period as a pit or latrine (36) . The barrel was buried at a depth of 3.80 m. The 121.4-g coprolite specimen was dark brown and well preserved under anaerobic taphonomic conditions. Extensive precautions were undertaken to avoid contaminating the coprolite specimen in our laboratory environment: no positive control was used (15) , and suicide PCR protocols were applied (35) . All negative controls, used in a 1:4 control/ specimen ratio, were consistent with current recommendations for paleomicrobiological and paleoparasitological studies (13, 15, 37, 38) and remained negative. Virus-like particles (VLPs) purified from the internal region of the coprolite, after the external layer was removed, were morphologically diverse and varied in size and shape. Oval particles of different lengths (up to 200 nm) and diameters (up to 100 nm), as well as rodshaped structures (up to 250 nm in length), were observed (Fig.  1A ). We identified a VLP with a dense core and a diameter of approximately 150 nm, apparently surrounded by an envelopelike structure (Fig. 1B) . Viral particles exhibiting characteristics typical of the Siphoviridae bacteriophage family (icosahedral head, long tail) were also observed ( Fig. 1C to E) .
High-throughput sequencing generated 30,654 reads corresponding to approximately 10.8 million bp. After quality trimming and duplicate removal, 29,811 reads remained (see Table S2 in the supplemental material). The preprocessed read lengths ranged between 77 bp and 574 bp and had an average GC content of 47% (see Fig. S2 in the supplemental material). Finally, 41.93% of the reads were assembled into 1,464 contigs that ranged from 421 to 12,500 bp (see Table S2 ). In total, 22.15% of all reads and 17.28% of all contigs were significantly similar to known sequences from public databases ( Fig. 2A ; also see Table S2 ). Genome-length normalized counts of viral reads showed that about 85.21% and 0.81% of viral similarities were to double-stranded DNA (dsDNA) viruses and single-stranded DNA (ssDNA) viruses, respectively (Fig. 2B) . Among the double-stranded DNA viral reads, we mostly observed Siphoviridae (58.89%), Myoviridae (8.79%), and Podoviridae (5.95%). Overall, we found reads to viral families that can infect eukaryotes (Ascoviridae, Poxviridae, Iridoviridae, Adenoviridae, Mimiviridae, Herpesviridae, Baculoviridae, Polydnaviridae, and Phycodnaviridae), archaea (Lipothrixiviridae, Tectiviridae, and Bicaudaviridae), and bacteria (Siphoviridae, Myoviridae, and Podoviridae) (Fig. 2B) .
Few reads showed similarities to eukaryotic viruses, and among them, those belonging to Phycodnaviridae were the most abundant (0.81%) (Fig. 2B) . We also identified a contig encoding a hypothetical protein of invertebrate iridescent virus 3 (IIV-3). IIV-3 is a member of the Iridoviridae family, genus Chloriridovirus, which has a large particle size (180 nm) and infects mosquitoes (see Table S3 in the supplemental material). Metagenomic results were confirmed by ad hoc suicide PCR (35) . In the presence of negative controls, a 167-bp fragment of a Mimiviridae-like nonfunctional B-family DNA polymerase was amplified and sePhylogenetic trees. When possible, phylogenetic trees of the contigs encoding antibiotic resistance genes were built. The program Prodigal was used to search for open reading frames (ORFs) in these contigs (27) . Homologs to the translated ORFs were searched against the nonredundant NCBI database using BLASTP. A multiple alignment was constructed using MUSCLE (28) and curated using Gblocks (29) . The phylogenetic tree was then built using the PhyML algorithm (30) with a bootstrap value of 100. These tasks were all performed using the pipeline freely available at www.phylogeny.fr (31) . The trees were visualized using MEGA v.4 (32) .
Evidence of temperate bacteriophages. Contigs generated from the assembly were analyzed to search for indicators of temperate bacteriophages, as previously described (33) . We searched for three indicators: (i) nucleotide identity to bacterial genomes (BLASTN; E value, Ͻ1eϪ5; 90% minimum identity; 90% minimum query coverage), (ii) the presence of integrase-encoding genes using annotations from the COG and PFAM databases (E value, Ͻ1eϪ5), and (iii) significant similarity to prophage proteins available on the ACLAME database (BLASTX on the ACLAME prophages database; E value, Ͻ1eϪ5). Data were graphically represented using the R package "VennDiagram."
Comparative metagenomics. The coprolite-associated virome was taxonomically and functionally compared to 21 published viromes of modern stools from healthy adult humans (12, 33) , which had been generated using multiple-displacement amplification (MDA), as was the case with the coprolite virome. All viromes were taxonomically (GenBank database; E value, Ͻ1eϪ5) and functionally annotated (SEED database; E value, Ͻ1eϪ5) using MG-RAST. Annotations were performed on reads using amino-acid-level comparisons. The taxonomic and functional virome profiles were compared using principal component analysis on the MG-RAST server (normalized data, Bray-Curtis measure of distance). Species richness estimations were obtained from the MG-RAST server. Functional diversity (measured by the Shannon-Wiener index) was calculated using the "estimateDiversity" function of the ShotGunFunctionalizeR package on the SEED-based functional metagenome annotations (E value, Ͻ1eϪ5) (34).
Specific PCR amplifications and sequencing. Suicide PCR amplifications were performed to confirm high-throughput pyrosequencing results. To perform suicide PCR, the primer pairs were used only once in working areas, and no positive controls were used (35) . For giant virus detection, primer pairs targeting the nonfunctional B-family DNA polymerase were used. Additional primer pairs were designed to specifically was further supported by contig reconstruction, ad hoc PCR amplification, and sequencing (see Tables S1 and S3 in the supplemental material). Moreover, contigs were found to harbor ORFs with similarity to genes from bacteriophages that are likely to infect hosts known to live in aquatic environments. In particular, we detected contigs matching the tail fiber protein coding gene of cyanophage S-TIM5, the tape measure protein coding gene of Planctomyces limnophilus DSM 3776, the gene coding for an unnamed protein product of Synechococcus phage S-CB53, and a hypothetical protein coding gene from an uncultured phage identified in a viral metagenomic study of water from the Mediterranean Sea. An ORF encoding a putative phage tail fiber protein of Celeribacter phage P12053L was also identified on one of these contigs, amplified by specific PCR, and the 280-bp amplicon was verified by Sanger sequencing. However, the weak similarities shown to some of these highly shared bacteriophage genes and the database bias toward genomes of marine viruses make it difficult to state if these specific aquatic bacteriophages or other populations of bacteriophages are present in the sample. At last, a 1,939-bp contig matched an unidentified phage previously described in a viral metagenomic study performed on modern human stools (33) (see Table S3 ). Only a scaffold is available for the unidentified phage, and the matched protein is annotated as a hypothetical protein; however, this hypothetical protein is predicted to contain a conserved domain corresponding to an Nacetylmuramoyl-L-alanine amidase. This domain is characteristic of autolysins that degrade peptidoglycans and is typically observed in bacteriophage, prophage, and bacterial genomes. quenced, revealing 84% identity to that of the Moumouvirus of the Mimiviridae family (GenBank accession no. GU265560.1).
Only a small proportion of viral reads were related to viral families infecting archaea. These families corresponded to Lipothrixiviridae (0.04%), Tectiviridae (0.11%), and Bicaudaviridae (0.02%) (Fig. 2B) . One contig was found to have similarity to an environmental halophage, eHP-6, an unclassified bacteriophage that infects Haloarchaea (see Table S3 in the supplemental material).
In contrast, the majority of the identifiable viral reads showed homology to genomes of viruses infecting bacteria (bacteriophages), especially those of the genus Bacillus (14.08%). We identified reads with homology to genomes of bacteriophages infecting as many as 37 different bacterial genera, including bacterial genera commonly associated with the human gut, such as Enterobacterium phages (11.54%), Lactobacillus phages (2.23%), and Lactococcus phages (2.14%) (Fig. 3) . Other findings included reads with similarity to bacteriophages that infect typical soildwelling bacteria: Geobacillus phages (7.53%), Streptomyces phages (3.98%), and Delftia phages (0.11%). Several reads were found to show homology to bacteriophages whose bacterial hosts belong to genera that also include human pathogens, such as Mycobacterium phages (7.89%), Vibrio phages (0.29%), Pseudomonas phages (4.01%), Streptococcus phages (5.06%), Staphylococcus phages (5.07%), Listeria phages (3.48%), Burkholderia phages (3.38%), and Clostridium phages (3.83%) (Fig. 3) . The presence of sequences homologous to genes of some of these bacteriophages (Bacillus, Clostridium, Mycobacterium, and Burkholderia phages) genes involved in DNA metabolism (n ϭ 80), as is typical of viromes, and virulence genes (n ϭ 87). The most abundant virulence genes were those involved in resistance to antibiotics and toxic compounds. In particular, a contig encoding a chloramphenicol O-acetyltransferase gene that mediates chloramphenicol resistance was observed. This gene was found to belong to Chryseobacterium sp., and the BLAST-based annotation was further confirmed by a phylogenetic tree constructed from the ORF of this contig (see Fig. S3 in the supplemental material). To further investigate the presence of virulence genes, virome reads were examined using the Virulence Factor Database, which includes both conventional factors directly involved in pathogenesis and factors important to establishing infection. A stringent search allowed the identification of 166 reads encoding virulence factors. In particular, virulence factors of the bacterial genera Escherichia (n ϭ 42), Salmonella (n ϭ 39), and Shigella (n ϭ 34) were observed (see Table S5 in the supplemental material). A pathway-centric analysis based on COG annotation revealed that virulence (defense mechanisms) was overrepresented in the coprolite compared to modern stools. Other differences included an overrepresentation of lipid transport and metabolism, fatty acid biosynthesis, and amino acid transport and metabolism (see Table S6 in the supplemental material). Indeed, 12 ORFs on annotated contigs were found to contain genes involved in lipid metabolism, in particular fatty acid biosynthesis (n ϭ 3), glycerolipid and glycerophospholipid metabolism (n ϭ 3), isoprenoid metabolism (n ϭ 3), and polyhydroxybutyrate metabolism (n ϭ 3). Annotated contigs also contained 36 ORFs encoding functions related to the metabolism   FIG 2 (A) The proportion of known and unknown reads (in percent). Reads were defined as "unknown" if they lacked homology to the nonredundant NCBI database according to a BLASTN search (E value, Ͻ1eϪ5) and as "known" otherwise. (B) Relative abundance of viral families. The relative abundance of identified viral families was estimated using the GAAS software.
Evidence of a temperate life cycle for the detected bacteriophage sequences was observed using three indicators (33): (i) nucleotide identity to bacterial genomes (an indicator of prophage formation), (ii) the presence of integrase-encoding genes (markers of temperate bacteriophages), and (iii) similarity to prophage sequences available in the ACLAME database (see Materials and Methods). We observed that 329 contigs (22.47%) significantly matched prophage proteins in the ACLAME database, 52 contigs (3.55%) had significant nucleotide identity to bacterial genomes (especially genomes of Escherichia coli strains), and 32 contigs (2.18%) harbored integrase-encoding genes (see Fig. S2 in the supplemental material). This strategy provides only a minimal estimate of the number of temperate bacteriophages, as stated by Minot et al. (33) . Overall, 375 contigs (25.61%) presented at least one of the three indicators and could be tentatively classified as temperate bacteriophages (see Fig. S2 in the supplemental material).
The coprolite-associated DNA virome was compared to the viromes of 21 modern human stool specimens (Fig. 4) . At the taxonomic level, the coprolite virome did not group with modern stool viromes, whereas it was functionally more similar to some of the modern stool samples (Fig. 4) . Overall, the coprolite virome displayed higher species richness (315.279) and seemed to be more functionally diverse (average ShannonWiener index of 4.8693) than modern stool viromes (average species richness, 77.824; average Shannon-Wiener index, 4.1264) (see Table S4 in the supplemental material). A more extensive functional analysis of the assembled contigs revealed that most of the identifiable ORFs harbored by these contigs carried gle-stranded DNA (12) . To potentially minimize this bias, a duplicate amplification reaction was performed as previously suggested (21) .
The majority of the generated metagenomic sequences were of unknown origin. The taxonomic composition of the generated virome was estimated on the basis of the identifiable viral sequences (known sequences) of the DNA virome. The known sequences corresponded to DNA viruses that infect eukaryotes, bacteria, and archaea. Eukaryotic and archaeal viral sequences were detected only at low abundances, and their presence was supported by contig recovery or confirmed by ad hoc suicide PCR. The majority of the identifiable sequences recovered from the coprolite corresponded to bacteriophages, especially Siphoviridae. Contigs with significant similarity to characteristic bacteriophage genes were identified, such as genes coding for structural proteins (tail fiber proteins and capsid proteins) as well as proteins involved in replication (DNA polymerase) or DNA packaging (terminase). We could also identify reads with significant similarity to virulence factors associated with pathogenic bacteria and genes from bacteriophages that infect bacteria belonging to genera that include mammalian pathogens. These findings are consistent with those obtained for the previously generated bacterial metagenome associated with the coprolite (S. Appelt, F. Armougom, M. Le Bailly, C. Robert, and M. Drancourt, unpublished data). Com-
FIG 3
Relative abundance of hits to known bacteriophages. The relative abundance of hits to known bacteriophages was estimated using the GAAS software. The hosts of the bacteriophages that were also identified in a previous study on the bacterial community associated with this specimen (Appelt et al., unpublished data) are noted to the right with dots. of amino acids, especially lysine, threonine, methionine, and cysteine (n ϭ 11) and arginine, urea, and polyamines (n ϭ 10).
DISCUSSION
We report what we believe to be the first metagenomic analysis of an ancient human DNA virome. The use of viral metagenomics allowed us to perform a systematic research of known and unknown viruses without a priori targeting of expected viruses.
Because minimizing contamination is vital in paleomicrobiology, extensive precautions established by previously published recommended protocols were implemented to avoid contamination of the coprolite specimen (13, 15, 37, 38) . The coprolite studied here was recovered from a sealed barrel that was still intact at the time it was found, suggesting that the coprolite was protected from contamination by environmental material for centuries. Only the internal region of the coprolite was used in our experiments. We ascertained the presence of viruses by three independent approaches: i.e., electron microscopy, metagenomics, and suicide PCR. The PCR amplification product sequences were original (i.e., they had not been previously observed in our laboratory), and all negative controls remained negative.
The viral metagenome was generated using a multiple-displacement amplification of viral genomes via the 29 polymerase. This method is known to preferentially amplify circular and sinlogenetic studies have demonstrated that the evolution and dissemination of resistance genes started well before the use of antibiotics (43) (44) (45) . Accordingly, direct evidence for the presence of antibiotic resistance genes in pre-antibiotic-era specimens was provided by ad hoc PCR amplifications using DNA extracted from 30,000-year-old permafrost sediments in Canada (46) . Here, we demonstrate that bacteriophages are an ancient reservoir of resistance genes associated with human samples that date back as far as the Middle Ages. Moreover, we provide evidence for the lysogenic lifestyle of these bacteriophages, which may support their role in the mobilization and lateral transfer of genes in bacterial communities.
Overall, this study furthers our understanding of past viral diversity and distribution and promotes the further exploration of ancient viral communities using coprolite specimens.
parative analyses to previously published viromes show that modern human stool viromes do not group with the coprolite virome at the taxonomic level. All previous works on viral communities associated with the stool from healthy individuals showed a high prevalence of bacteriophages, in particular double-stranded DNA bacteriophages of the Siphoviridae family (8, 11, 33) or singlestranded DNA bacteriophages of the Microviridae family (10, 12) , with high interindividual variability. Accordingly, the coprolite virome shows a high prevalence of Siphoviridae (8, 11, 33) . Moreover, as in modern stools, we found evidence for temperate bacteriophages (10, 33) . However, we did not observe significant abundance of single-stranded DNA viruses (10, 12) or the same most abundant prophages identified in other modern stool viromes (33) . At the functional level, no clear separation can be observed between the coprolite virome and modern stool viromes, and functions might be conserved between the coprolite and some modern stool samples. This finding is consistent with those of a recent study that demonstrated that despite interindividual taxonomic variability, the metabolic profile was significantly conserved within viromes from the same ecological niche (39) . This persistence of metabolic functionalities across centuries may reinforce the crucial role of the viral community in the human gastrointestinal tract.
Finally, the coprolite virome is more functionally diverse and rich in virulence genes than modern stool sample viromes. One contig containing a gene for chloramphenicol resistance (the chloramphenicol O-acetyltransferase gene), a broad-spectrum antibiotic that inhibits bacterial protein synthesis, was identified. The presence of antibiotic resistance genes in viral metagenomes has been reported in modern human stools (33) . Indeed, bacteriophages constitute a reservoir of resistance genes (40) (41) (42) , and bacteriophage transduction represents one important mode of lateral transfer of resistance genes between bacterial species. Phy-
